This study presents the detailed characteristics of thermal inversions based on a 10-year aerological measurement series (2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012)(2013)(2014) conducted in Łeba (Poland). The analyses included surface-based inversions (SBIs) and elevated inversions (ELIs) in the atmospheric layer up to 3000 m. In the case of SBIs, this layer extended directly from the ground level to an altitude above which the air temperature decreases with altitude, whereas for ELIs, which have a base above ground level, only the lowermost inversion layer was taken into consideration. The results of the monthly and seasonal variations in the selected parameters for air temperature inversions (thickness-ΔZ, strength-ΔT, base-Z B ) were analysed separately at night-time (00 UTC) and daytime (12 UTC). The thermal structure of the boundary layer up to 3000 m was primarily determined by ELIs, which occurred at a frequency of approximately 70% at both times during the 24-h period. The SBIs showed a pronounced temporal structure that occurred every second night throughout the year and from April to September, with a frequency similar to that of the ELI (approximately 60%). The worst vertical air exchange conditions, which resulted from the simultaneous occurrence of SBIs and ELIs, were found in 30% of nights from April to October. Elevated inversions generally formed in a layer from approximately 820 to 1200 m, which was the lowermost ELI in winter and the highest ELI in summer; however, in all seasons, the lowest base height was characteristic of daytime inversions. Both surface-based and elevated inversion layers were distinguished by comparable thicknesses, particularly for those occurring at night-time (generally within the range of 150-200 m). From November to March, greater thicknesses were identified in ELIs with lower occurrences, whereas SBIs were identified in the remaining months of the year.
Introduction
Temperature inversions (TIs) are natural phenomena and may occur at any time of the year. TIs are usually defined by a layer of the atmosphere where the vertical temperature gradient changes from negative to positive (Whiteman 2000; Stryhal et al. 2017; Czarnecka et al. 2016) . Based on formation mechanisms, atmospheric inversions can usually be classified as radiation inversions, advection inversions, turbulence inversions, subsidence inversions, frontal inversions, 0°C inversions, tropopause inversions and mesospheric inversions (Schnelle and Brown 2002; Nodzu et al. 2006; Randel et al. 2007; Kumar et al. 2001; Gramsch et al. 2014; Brümmer and Schultze 2015) .
When considering the vertical range of this phenomenon, thermal inversions are classified as either surface inversions or elevated inversions present in the free atmosphere (Niedźwiedź 2003) . It should be noted that most studies on inversions are restricted to surface inversions or initial elevated inversions only (e.g. Knozová 2008; Iyer and Nagar 2011; Brümmer and Schultze 2015; Stryhal et al. 2017; Czarnecka et al. 2016) . The analysis of the long-term measurement series has shown a decrease in the frequency of surface inversions and a simultaneous increase in the frequency of elevated inversions. Such opposing trends have been demonstrated by Knozová (2008) and Stryhal et al. (2017) for the city of Prague and by Bailey et al. (2011) for the USA. According to these authors, the underlying reasons for such changes are atmospheric circulation and local topographical considerations such as, but not limited to, the intensity of urban heat islands and the geometry of buildings. The influence of local conditions has been noted by Stryhal et al. (2017) in a trend analysis over Prague (the Czech Republic) and Kümmersbruck (Germany), which was located at a distance of approximately 200 km. In turn, according to Iyer and Nagar (2011) , the results from a majority of stations (20 total) in the Indian region showed surface inversions with decreasing depth and increasing strength in the period 1970-2000. In respect to duration, two types of inversions associated with different boundary layer processes have been distinguished: diurnal and persistent (Whiteman et al. 2001) . The diurnal cycle of inversion (Garratt 1994; Whiteman 2000) is well known and has been substantially documented. A ground-based stable layer usually forms every night, which ends when solar rays reach a maximum or when the wind speed exceeds 20 km/h. After sunset, stability increases again until sunrise. In valleys, however, there are days when a residual inversion layer persists throughout the entire diurnal cycle. This characterises the second type of inversion (persistent), which is long-lasting and not fully destroyed by daytime insolation (Largeron and Staquet 2016) . According to Gillies et al. (2010) , while it is relatively easy to predict the onset of an inversion, features such as duration or the eventual breakup of a persistent inversion event are unforeseeable. Based on numerically simulated temperature inversions during the daytime in an idealised valley, Leukauf et al. (2015) found that a minimum amplitude of 450 W m −2 was required to reach the breakup point, 11 h after which an inversion dissipates. It has been proven that TIs have a significant effect on weather and climate because their strength controls energy and mass transfers in the atmosphere and cloud formation in the boundary layer (Dong et al. 2005; Devasthale et al. 2010; . When considering climate change observed at higher latitudes, a substantial amount of attention has been given to TIs in both polar regions (Bourne et al. 2010; Devasthale et al. 2010; .
An inversion in the lower atmosphere creates stable atmospheric conditions that inhibit vertical movement, which can play a crucial role in the accumulation of air pollution. Generally, serious pollution episodes are attributed to unfavourable meteorological conditions rather than sudden increases in the emission of pollutants. Temperature inversions are often responsible for these events (Kukkonen et al. 2005; Olofson et al. 2009; Nidzgorska-Lencewicz and Czarnecka 2015) . Consequently, numerous studies have discussed temperature inversions with respect to air quality, particularly regarding conditions in urban valleys. For instance, heavy air pollution events in the Cache Valley (Logan, Utah, USA) (Malek et al. 2006; Silva et al. 2007) and Alpine valleys in the area of Grenoble (Largeron and Staquet 2016) have been associated with low-level inversions. Based on data collected from a valley in Santiago, Chile, Gramsch et al. (2014) stated that on days with surface and subsidence inversions, PM 2.5 was 84% higher than that on days without any type of inversion. In turn, Wallace and Kanaroglou (2009) demonstrated increases of 49 and 54% in NO 2 and PM2.5, respectively, during night-time inversion episodes in Hamilton. According to Czarnecka and NidzgorskaLencewicz (2017) , unfavourable conditions for pollutant dispersions on days with excessive PM10 levels in winter are mainly attributed to greater surface inversion thicknesses. However, levels of SO 2 recorded in winter seasons are shaped not only by the thickness but also by the height of inversion layers (Czarnecka et al. 2016) . Moreover, as shown by Katsoulis (1988) in a study on SO 2 levels, the intensity of inversions also has an effect on the pollution concentration. According to Milionis and Davies (1992) , the intensity of an inversion is directly proportional to its ability to inhibit the vertical movement of pollutants. The results from Czarnecka et al. (2016) and Czarnecka and Nidzgorska-Lencewicz (2017) also show that high location of an elevated inversion base contributes to the improvement of air quality, whereas a significant thickness in both surface-based inversions and elevated inversions result in the deterioration of air quality.
Recently, temperature inversions have been linked to negative health effects. A study conducted by Beard et al. (2012) during winter seasons in Salt Lake County (USA) revealed an association between inversions and emergency visits to the hospital for asthma. Abdul-Wahab et al. (2005) states that the daily average number of hospital visits in Oman increased with an increase in the inversion depth and strength of surfacebased inversions.
Apart from investigating the effects of inversions on environmental changes and human health, Gramsch et al. (2014) and Li et al. (2015) rightly note that better understanding temperature inversions and their effect on pollutant levels is necessary in order to control pollutant emissions and prevent pollution episodes. It is worth noting that apart from the models used only in studies on thermal inversion (Leukauf et al. 2015) , most models for air pollutant diffusion already incorporate the characteristics of inversions (Milionis and Davies 2008; Morbidelli et al. 2011; Rendón et al. 2015) .
This study presents detailed characteristics on the temporal variability of thermal inversions and is based on a dataset from the aerological station in Łeba, Poland. It is generally known that thermal inversions play a role in the development of processes occurring in the boundary layer (e.g. they play a key role in limiting vertical mixing), which is a significant factor that determines air quality and has already been reported. Given the results of previous studies (Nidzgorska-Lencewicz and Czarnecka 2015; Czarnecka et al. 2016; Czarnecka and Nidzgorska-Lencewicz 2017) , which show contrasting and statistically significant roles of inversion layers depending on the height of occurrence, this paper provides a separate analysis for surface-based inversions (SBIs) beginning immediately at ground level (Sect. 3.1) and elevated inversions (ELIs) that have bases above the ground (Sect. 3.2) (Parczewski 1976; Stryhal et al. 2017 ) and form in the atmospheric layer up to 3000 m. It should be emphasised that the principal aim of this study is to determine the temporal structure of the basic characteristics of both types of inversions.
Materials and methods
The basis of this study was a 10-year radiosonde measurement series, which was conducted at Hydrological and Meteorological Station IMiGW-PIB in Łeba (No. WMO: 12120) during [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] . The measurements were taken at 00 UTC and 12 UTC. The analyses are based on TEMP messages from the database for upper-air data at the University of Wyoming (http://weather.uwyo.edu/upperair/sounding.html). In the analysed period, measurements were taken using Vaisala radiosondes RS92-KL, RS92-SGP and RS92-SGPD. The station in Łeba (54.75°N, 17.53°E) is one of three aerological stations operating in Poland. It is located by the Baltic Sea and is 90 km northwest of the Agglomeration of Gdańsk (Fig. 1) .
Characteristics for the temporal variability of an inversion occurrence in a year included surface-based inversions (SBIs) and elevated inversions (ELIs). The following parameters were determined separately for night-time (00 UTC) and daytime (12 UTC): the height of the inversion base (Z B ), the inversion top (Z T ) and the thickness of the inversion layers (ΔZ = Z T -Z B ). Additionally, when characterising SBIs, the strength of inversion (ΔT = T T -T B ) and the mean temperature gradient for the inversion layer (ΔT/ΔZ) in K per 100 m were determined.
Inversion layers were identified twice a day (00 and 12 UTC) by analysing the vertical changes in air temperature for each day during the adopted 10-year study period, which resulted in a total of 7304 cases. In the analysed measurement series, there were 51 cases (1.4%) where the measurements did not exist; there were more cases at 12 UTC (33) and less at 00 UTC (18).
The heights of the inversion layers were determined with an analysis of aerological data presented in the form of a table, which is partially illustrated in Fig. 2 . The thicknesses of the SBIs and ELIs were equivalent to the thickness of a layer with a positive vertical temperature gradient. In the case of SBIs, this layer extended directly from the ground level to an altitude above which the air temperature showed a continuous decrease. The example in Fig. 2 shows that on the 26th of January 2006 at 00 UTC, there was a surface-based inversion with a strength of 3.2 K and a thickness of 222 m (ΔZ). At the same time, the base of the elevated inversion (Z B ) was located at a height of 530 m, and the layer reached 912 m (Z T ) (i.e. the thickness was 382 m (ΔZ = Z T -Z B )).
On several occasions, it was found that in the atmosphere (especially over urban and industrial areas), there were many ELI layers that were separated by layers of air when the temperature decreased with altitude; therefore, this study takes into consideration only the lowermost ELI. The relatively scarce available literature on the subject includes numerous methods for both the identification of inversions and the classification of ELIs. According to Parczewski (1976) , only inversions occurring at heights up to 1000 m were classified as elevated inversions. A study by Knozová (2008) regarding the influences of the frequency of occurrence, thickness, strength and duration of thermal inversions on the concentrations of major air pollutants in Prague identified layers that formed at heights from 201 to 3000 m as inversions in the free atmosphere. However, this was debated by Stryhal et al. (2017) , who provided different values (up to 2000 m). Considering the aforementioned classification, this paper provides an analysis on ELIs with bases at altitudes up to 3000 m.
The temporal structure of daytime and night-time inversions has been characterised monthly according to the annual calendar seasons: winter-Dec., Jan., Feb.; spring- Mar., Apr., May; summer-Jun., Jul., Aug.; and autumnSep., Oct., Nov. This paper provides two separate analyses over a 24-h period (i.e. daytime and night-time), which are represented by the results of the aerological measurements at 12 UTC and 00 UTC, respectively. Therefore, all characteristics concerning the frequency of occurrence for inversions at both times during the 24-h period refer to the number of days or nights, analysed separately, in the individual months (Figs. 4, 8 and 10) or calendar seasons in a year (Figs. 6, 9, 12 and 14) .
Poland

Łeba
Results and discussion
3.1 Surface-based inversion (SBI)
Frequency
In the area of Łeba, SBIs occur in approximately 50% of nights and only 4% of days throughout the year (Fig. 3 ). In turn, Katsoulis (1988) reported a slightly lower frequency of inversions in Athens (44%), which was determined from measurements taken at 00 UTC. In the only publication to date on the temporal and spatial variabilities of inversions in Poland (Parczewski 1976) , the phenomenon was characterised with isotherms and cases of slight vertical temperature gradients (0.2°C/100 m), which were classified as thermal inhibition layers. The number of days in Poland with night-time thermal inhibition layers identified by the aforementioned definition equals approximately 60% (approximately 6% for daytime).
In the period 2005-2014, the number of nights with SBIs ranged from 167 to 205, and the number of daytime SBIs ranged from 8 to 18. By far, the smallest number of SBIs was recorded at both times during the 24-h period in 2007, and the highest number was recorded at both times in 2012. A large number of inversions (only night-time) were recorded in 2014. It was found that such a variation in the number of SBIs is characteristic for years with very similar thermal conditions. According to the Bulletin of Monitoring Climate in Poland, the years 2007 and 2014 were classified as extremely warm, and the year 2012 was classified as warm.
From April to October, SBIs recorded in Łeba were more frequent every second night; from May to September, the frequency was approximately 65% (Fig. 4) . The smallest frequency of night-time SBIs (approximately 30%) was found in December and January. For comparison, in Prague at 00 UTC, inversions were recorded with a frequency of 38% in the colder half of the year (ONDJFM), and more than 60% were recorded in the warmer half of the year (AMJJAS) (Stryhal et al. 2017 ). In turn, earlier studies by Knozová (2008) showed that night-time inversions at height up to 50 m formed most frequently in July and August and least frequently in November and December. The identified downward trend in the frequency of inversion occurrences in the lowermost layer of the troposphere during 1992-2006 was also confirmed by the results of Stryhal et al. (2017) , which were obtained for a longer period .
Daytime inversions not only occur far less frequently than those at night-time, but they also show opposing distribution patterns throughout the year. Daytime inversions are recorded mainly in December and January (approximately 8-9% of days), whereas in the remaining months, the frequency of daytime inversions is generally no more than 4%. The fewest occurrences of these events are recorded in September and October.
Thickness (ΔZ)
The average seasonal thickness of a night-time surfacebased inversion ranges from 150 to 200 m; during most seasons of a year, it is 50-80 m greater than that of daytime inversions (Fig. 5) . According to Parczewski (1976) , significant factors of varied thickness in night-time and daytime SBIs represent the very different causes of their formations. This study argues that a greater thickness in nighttime inversions is connected with stronger vertical air mixing in radiative-advective inversion layers, which are twice as thick as radiative layers. These layers form at night and do not occur during the day. Spring is the only atypical season in the region of Łeba. It is distinguished not only by the greatest average thickness of night-time (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) inversions, but also by equally thick, yet far less frequent, daytime inversions (Figs. 3 and 4 ). This could be linked to a very high frequency of stable equilibrium states in this season, which was shown in climatic simulations over the Baltic Sea (Svensson et al. 2016) . Average lower thicknesses of night-time inversions (00 UTC) in the winter season (DJF) and greater thicknesses in the spring (MAM) in the northern part of Poland were also presented by Palarz et al. (2017) based on the ERA-Interim reanalysis over a 35-year period. Similar inversion thicknesses occur in summer and autumn; however, these thicknesses are dissimilar in winter and spring (Fig. 4) , which is not confirmed by the diagrams in Fig. 6 . Due to the frequency distribution of the adopted inversion layer thickness ranges, as well as the separate assessment of daytime and night-time inversions, greater similarities can be found between winter and autumn seasons, just as the spring season is found to be similar to that of summer. In the calendar winter season at both times during the 24-h period, inversions with a thickness up to 100 m are markedly predominant. In autumn, inversion layers with the smallest thicknesses form only in the daytime, whereas thicknesses of night-time inversions can similarly reach up to 100 m or even extend from 100 to 200 m. Moreover, approximately ¼ of the cases of night-time inversions occurring in autumn shows thicknesses from 200 to 300 m, which is similar to that of spring and summer. In spring and summer, the most predominant inversions are those with thicknesses ranging from 100 to 200 m. Large average thicknesses of daytime inversions in calendar spring (Fig. 5) are determined by the greatest annual proportion of layers with thickness of 200-300 m.
Considering the lower frequency of daytime inversions, characteristics of the primary phenomenon features, presented in Table 1 , refer only to the night-time inversions. In most months, the mean average thickness of night-time inversion ranged from approximately 170 to 190 m and exceeded 200 m only in April and May. In Athens, inversions with thicknesses greater than 200 m were observed more frequently from April to October (Katsoulis 1988) . Night-time inversions with the smallest thicknesses (143 m) occurred in December. Despite the fact that the mean monthly thickness of night-time inversions generally did not exceed 200 m, as indicated by the values of the upper quartile (Q3) in Table 1 for almost all months of the year (with the exception of January and December), 25% of cases showed night-time inversion thicknesses ranging from 230 to approximately 280 m. In the period 2005-2014, inversions with maximum thicknesses were recorded, on average, during the coldest and warmest months of the year. In January, night-time SBI thicknesses amounted to 1632 m, whereas in July, thicknesses equalled 1397 m. In the remaining months, the maximum thickness ranged, on average, from 600 to 800 m, indicating that the thickness was 3-5 times greater than the average thickness. The highest relative variation in night-time SBI thickness (125%) was found in January.
Strength (ΔT)
The mean seasonal strength of night-time SBIs ranged from 1.5 to 2.3 K, and daytime SBIs ranged from 1.1 to 1.6 K (Fig. 7) . Greater strength in the night-time inversions was characteristic during spring and summer, and the weakest strength (by as much as approximately 1 K) was characteristic during winter. The results of the night-time inversions showed high compliance with the results of Palarz et al. (2017) for the Baltic Sea region. The calendar winter season was distinguished by the greatest strength of daytime inversions. Moreover, winter was the only season where daytime inversions showed even a slightly higher strength than that of nighttime inversions. In spring, summer and autumn, the mean strength of daytime inversions was approximately two times lower than that of night-time inversions. The distinct characteristic of the winter season caused by the strength of inversions was confirmed by the data presented in Fig. 8 . Inversion layers forming in winter showed strengths of 0-1 K and 1-2 K with similar frequencies-both ranges comprised approximately 77% of cases for both daytime and night-time inversions. In the remaining seasons, 70-80% of inversions (only night-time inversions) showed strength from 0 to 3 K; yet in spring and summer, there was a slight tendency toward the 1-2 K range. Night-time inversions with a strength greater than 5 K occurred mainly in spring. Among the daytime inversions, the most predominant (60-75%) strength was less than 1 K. A large proportion (approximately 27%) of daytime inversions with greater strength (1-2 K) was characteristic only in spring. In most months of the year, the average strength of nighttime inversions ranged from 2 to 2.5 K (Table 1) . Weaker strength (1.4-1.6 K) was determined for inversions occurring in calendar winter (Dec-Feb) and November. However, according to the Q3 value, in approximately 25% of cases, the strength of night-time inversions for almost all months exceeded 2 K, and from April to July, it even exceeded 3 K.
In the period 2005-2014, the maximum 24-h period strengths of night-time inversions showed a very wide range (from 4.6 to 17.1 K); however, in most months, the values did not exceed 10 K. Extreme strength was determined for a 15-m thick inversion layer that occurred in November. A slightly lower strength (ΔT = 15.7 K) was identified for a less thick (8 m) inversion in May; both cases were recorded in 2008. The strength of the night-time inversion typically showed greater variability than that of thickness.
24-h surface inversions
Particularly unfavourable conditions for the dispersion of pollutants from low-emitting sources occur during inversions that persist throughout daytime and night-time (i.e. 24-h inversions) (Köber 2013; Walczewski 2009; Czarnecka et al. 2016) . A catalogue of morning transitions of the atmospheric boundary layer (Walczewski 2009 ) lists 24-h inversions as one of the two main phenomena that foster the emergence of smog. However, data presented in Fig. 9 show that in Łeba, such situations occur rather sporadically. In the analysed 10-year period, there were only 81 of these situations, most of which occurred in January and December, as well as in May. The winter season, which is when 24-h inversions occur most frequently, were also mentioned in this respect by Köber (2013) . In Łeba, inversions with a 24-h duration were the least reported in the period from June to November, with a minimum in September. Most cases of 24-h inversions (18) were recorded in 2009 and 2012. In contrast, in southern Poland in the area of Kraków, the mean annual number of days with 24-h inversions was 99, and many individual years during 1994-2005 experienced 24-h inversions that were recorded over as many as 20 days in winter (Walczewski 2009 ). In Prague during 1992-2012, 24-h inversions were determined for 9.6% of days, yet there were cases that exhibited inversions lasting 2-8 subsequent days (Stryhal et al. 2017) . Even though 24-h inversions in the area of Łeba were recorded more frequently in the winter months, the average thickness did not exceed 150 m and was smaller than that recorded in the remaining months of the year. By far, the greatest 24-h SBI thickness was identified in April, followed by September.
Elevated inversions (ELIs)
Frequency
Throughout the year, elevated inversions with base heights reaching 3000 m are common-approximately 70% of days (12 UTC) and 69% of nights (00 UTC) (Fig. 3) . In comparison to SBIs, the frequency of ELIs shows only a small variation between the seasons, months and the given times of a 24-h period (Fig. 10) . The distribution of annual ELIs is opposite that of SBIs; the occurrence of ELIs is slightly more frequent in the colder half of the year, particularly in December and January, and less frequent in August and September. Elevated inversions form mainly as a result of stagnant high-pressure areas under stable equilibrium conditions, but they also result from propagating low-pressure areas along the front surface, which separates the cold air mass from the warm air mass. The aforementioned processes occur more frequently in the colder half of the year, which results in a higher frequency of ELIs from October to February. The role of advection in the formation of front elevated inversions in Łeba is suggested by the location of the town on the coast of the Baltic Sea, which is in the vicinity of one of the main passages for propagating low-pressure systems. In most months of the year, the difference between the frequencies of night-time and daytime inversions does not exceed 6%. There are slight differences in the frequencies of daytime and night-time inversions in the layer extending 2000 m AGL; however, differences are markedly greater between the colder (ONDJFM) and warmer (AMJJAS) halves of the year, which were presented by Stryhal et al. (2017) when analysing Prague.
Base (Z B )
Elevated inversions typically form in a layer approximately 820 to 1200 m AGL; the lowermost inversions are recorded in winter, higher inversions are recorded in spring and the highest are recorded in summer (Fig. 11) . In autumn, the average inversion base height is marginally lower than that in summer, and both occurrences during the 24-h period exceed 1000 m. During all seasons of the year, bases with lower heights were characteristic for daytime inversions; however, greater differences were found in spring (approximately 190 m), and markedly smaller differences were found in autumn (approximately 50 m).
Radiative processes play a significant role in the formation of elevated inversions. These processes are a fundamental factor in the transformation of night-time surface structures into elevated layers after sunrise. Under the condition of a sufficiently high surplus in the radiative balance, developing convection transforms a surface inversion into an elevated inversion in the vertical due to the surplus of radiative energy. The characteristics of the temperature inversion regime in Prague showed that at 06 UTC, there was a significant increase in the frequency of elevated inversions, while the frequency of surface-based inversions decreased below 50% (Stryhal et al. 2017) from April to September and particularly in June and July. In winter, with insufficient supply of solar energy, the elevated layers, which are the continuum of night-time surface structures, occurred relatively low to the ground. Such weakening in the transformation of SBIs into ELIs, in conjunction with the large-scale downward movement in low-pressure areas, may provide an explanation for lower base heights for elevated inversions during winter.
Variations in the height of ELI occurrences between colder and warmer half-years are more clearly shown in diagrams representing the frequency of base heights in the adopted height ranges (Fig. 12) . Often, inversions form at heights no greater than 500 m and, depending on the season, constitute as much as 30-45% of all cases. Compared with inversions forming at greater heights, the greatest frequency of the lowermost inversions (up to 500 m) is found mainly in spring and summer and less in winter; for autumn, the difference is minimal, particularly regarding daytime inversions. Consequently, there are differences in the frequency distribution of ELI base heights between warmer and colder half-years. In summer and spring, after the predominant occurrence of inversions with base heights reaching 500 m, there is a rapid and almost three to fourfold decrease in the frequency of inversions occurring at greater heights. In winter and autumn, however, the decrease is gradual (particularly in winter). It should be noted that the calendar summer, which is a season with the highest occurrence of unstable equilibrium and thus has the deepest mixing layer, is distinguished by markedly less frequent occurrences of inversions forming at heights from 500 to 1500 m and at least twice as many occurrences of inversions at heights from 2000 to 3000 m. Table 2 show that the lowermost inversion base heights during both daytime and night-time are characteristic during, on average, the coldest month of the year (January), whereas higher base heights are recorded in September then August. In the period from June to September, the average inversion base heights exceed 1000 m at both times during the 24-h period, whereas from February to May, these heights only exceed the 1000 m threshold at night-time. However, the values of the upper quartile (Q3) indicate that in almost all months of the year (75% of cases), daytime and night-time inversions form in layers with heights reaching 2000 m. In two summer months, ¼ of cases have inversion bases occurring at heights greater than 2000 m: in August at both times during the 24-h period and in July during the daytime. However, in the analysed decade 2005-2014, in almost every month of the year, ELIs with base heights greater than 2900 m were recorded at both times during the 24-h period.
Data presented in
Thickness (ΔZ)
A rather stable increase in ELI base heights from winter to summer (Fig. 11) is accompanied by a decrease in average thickness (Fig. 13) . The thickest inversion layers occur during winter; at both times during the 24-h period, the ELI thickness amounts to approximately 210 m. In summer, the thickness of night-time inversions is smaller by 50 m, and the daytime thickness is smaller by as much as approximately 70 m. The thicknesses of inversions occurring in transitional seasons (i.e. spring and autumn) are similar.
Although the average seasonal thicknesses of inversions occurring in winter are markedly higher, the most frequently recorded range is from 100 to 200 m, which is similar to those in other seasons during the year (Fig. 14) . Only daytime inversions occurring in the summer season are distinguished by thicknesses not exceeding 100 m. Generally, thicknesses up to 200 m are recorded in more than 80% of cases. In spring and autumn, daytime and night-time inversions with the smallest thicknesses (up to 100 m) occur more frequently than those with 200-300 m thicknesses; in winter, the frequency is comparable. Winter is the season distinguished by the highest frequency of inversions, with thicknesses greater than 400 m.
The dominance of inversions with thicknesses up to 200 m is confirmed by the results obtained for most months of the year, in seasonally adjusted terms (Table 2) . During both times in the 24-h period, average maximum inversions (greater than 200 m) are recorded not only in January but also in the last month of the autumn season (November). In December and (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) October to March, they exceed 230 m, and in the winter months, they exceed heights as greater as 250 m.
In the analysed period of 2005-2014, the maximum inversion layer thickness was generally 4-5 times greater than the average inversion layer thickness. A record thickness (ΔZ = 1649 m) was identified during a night-time inversion in February 2009. Over 1000-m thick inversion layers also occurred at night-time in November and December. The only occurrence of a comparable thick daytime inversion layer (ΔZ = 1297 m) occurred on 29 January 2011.
Relative variations in the monthly thicknesses of ELIs were generally due to the height of the base. Variation coefficients of the two features (daytime and night-time inversions) fell within a range from 60 to 80% for most months of the year. However, thickness, particularly for daytime inversions, showed slightly weaker variability throughout the year.
The simultaneous occurrence of SBIs and ELIs
In the lower troposphere (up to 3000 m), the simultaneous occurrence of surface-based and elevated inversions accounted for 34% of nights and only 2.5% of days during the year, which was obviously determined by the small frequency of surface-based inversions. Nights when both SBIs and ELIs occurred were found most often from April to October (Fig. 15) . On most nights during the aforementioned period, the simultaneous occurrence of SBIs and ELIs had a frequency greater than 30%, and on many nights (approximately 70), the frequency was at least 50% (mainly in May; 21 days). For individual 24-h time periods, such situations occurred in as many as 7-8 years of the study period. The simultaneous occurrence of daytime SBIs and ELIs is very rare, and it occurs mainly in the winter season. Often, such situations are recorded in January and December (6 and 4% of days, respectively). For almost all days from 25 December to 28 January, the phenomenon occurred at least once, yet on individual days, the phenomenon occurred 2-3 times. From mid-June to mid-November, daytime SBIs and ELIs were recorded only during a few days. The exemplary occurrence of inversion layers is illustrated by the results from 2012 (Fig. 16 ). In the analysed decade of [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] 2012 was distinguished by the highest frequency of surface-based inversions (night-time (56%) and daytime (5%)) and the greatest proportion of nights (34%) and days (3%) with the additional occurrence of elevated inversions.
Conclusions
The results presented in this study show that temperature inversions are a common phenomenon in the area of Łeba and can occur throughout the whole year. The thermal structure of the boundary layer up to an altitude of 3000 m is determined both by surface-based and elevated inversions. However, elevated inversions are dominant and occur throughout the year, with similar (approximately 70%) frequencies examined at both times during the 24-h period. These inversions are characterised by a slight frequency variation between seasons and months. In comparison to elevated inversions, surfacebased inversions show a pronounced temporal structure. Surface-based inversions form primarily at night-time-specifically, every second night throughout the year; from April to September, the frequency of occurrence is comparable (approximately 60%) to that of elevated inversions. Daytime surface-based inversions occur very rarely (mainly in January and December). Therefore, the long-term hindrance of vertical pollutant dispersion due to surface-based inversions during a 24-h period is negligible, and even in winter months, it occurs rather sporadically. Unfavourable conditions for vertical air mixing are related to the simultaneous occurrence of surface-based and elevated inversions. These were recorded for more than 30% of nights, particularly from April to November; daytime occurrences were very rare.
Surface-based and elevated inversion layers are characterised by comparable thicknesses, particularly during night-time inversions, which range from 150 to 200 m. Similar thicknesses are also recorded for inversions occurring during the daytime; however, due to lower frequencies of occurrence for surface-based inversions, the results of such a comparison are treated as purely indicative. Elevated inversions, which occur from November to March, occur at lower heights than those in the remaining months of the year and have greater thicknesses compared to those of surface-based inversions. However, in the period from April to October, the situation is reversed-thicker layers form directly above ground level.
Variability of the main characteristics of inversion occurrences in Łeba is generally consistent with that presented in the relevant literature. The 24-h and seasonal inversion (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) occurrences are primarily influenced by radiative processes and the vertical advection of heat, depending on the type of inversion either at ground level or in the higher layers of the troposphere. Topographical conditions play a significant role regarding the types and properties of the surface or its cover. The significance of radiative processes that determine both the 24-h and annual basic characteristics of surface-based inversions occurring across the European continent is presented in numerous studies (Brümmer and Schultze 2015; Kassomenos et al. 2014; Palarz et al. 2017; Stryhal et al. 2017 ). Intense and effective radiation emissions under anticyclonic weather conditions, particularly on cloudless nights or night with small cloud cover and little wind, are the underlying cause of the frequent occurrence of inversion layers with great thicknesses and high vertical temperature gradients during the warmer months of the year. Regardless of the adopted classification for pressure systems and types of circulation, numerous studies note that conditions for strong radiative cooling at the surface occur under pressure systems with small horizontal pressure gradients at the centre of the anticyclone, wedge or anticyclonic ridge (Bailey et al. 2011; Kassomenos et al. 2014; Katsoulis 1988; Prezerakos 1998; Palarz 2014; Walczewski 1994 Walczewski , 2009 Vitasse et al. 2017) . This assessment on the 24-h and annual occurrence of temperature inversions refers to the area of Poland distinguished by increased dynamics in the lower atmosphere, which primarily manifest from the occurrence of unstable equilibrium influenced by the inflow of the maritime polar air mass (Parczewski 1971) . The role of advection in the formation of inversion layers during winter is demonstrated by comparing the frequency and thickness of inversions occurring in Łeba and Wrocław (Czarnecka et al. 2016 ). In the area of Łeba, night-time surface-based inversions occur half as much as those in Wrocław; however, the thickness in Łeba is greater. This certainly results from higher frequencies of radiative-advective inversion occurrences, which show greater thicknesses than those of typical radiative inversions (discussed in Sect. 3.1.2).
The temporal structure of temperature inversions in the area of Łeba is modified by mesoscale phenomena due to the location of the town along the Baltic Sea coast (between lakes Łebsko and Gardno), which is a very dynamic natural environment. Temperature contrasts between land and sea contribute to the development of local circulation, including sea breezes (Brümmer et al. 2005 (Brümmer et al. , 2014 Johansson et al. 2005; Katsoulis 1988 ). Markedly lower frequencies, thicknesses and strengths of SBIs during all seasons for the coastal area of the Baltic Sea are illustrated on maps in Palarz et al. (2017) . The effect of the sea breeze on the vertical distribution of temperature inversions was demonstrated by Milionis and Davies (2008) . According to the authors, in the lower section of the atmospheric boundary layer (approximately 850 hPa), local factors overwhelm synoptic conditions. This means that the results of the assessment on inversions occurring at one location can be considered representative for larger areas only under similar synoptic conditions. Therefore, it would be difficult to compare the quantitative characteristic results of the basic features for both types of inversion in the area of Łeba with data presented in the relevant literature. Several other reasons, such as incomparable data and method sources for the identification of inversions, also pose a significant problem with the interpretation of results. Several authors identify layers up to 280 m as both surface-based and elevated inversions (Brümmer and Schultze 2015) ; others consider all Temporal structure of thermal inversions in Łeba (Poland) inversions in layers up to 5500 m to be surface-based inversions (Palarz et al. 2017) . Results that were obtained by observation series of various lengths are often rather short (Pekour and Kallistratova 1993) and refer to various climatic zones (Ramírez-Sánchez et al. 2013) . For example, a frequency analysis on the occurrence of surface inversions in winter during 1971-2000 at 20 stations in India (Iyer and Nagar 2011) showed an extreme variation from 4 to 95%, depending on the latitude. Numerous studies have adopted gradient masks as the basis for the assessment of inversions (Bokwa 2011; Brümmer and Schultze 2015) , which is of particular importance regarding elevated inversions. At times, inversions are mentioned merely as a phenomenon without distinguishing the height of its occurrence and only with reference to increased or excessive pollutant concentrations (Ramírez-Sánchez et al. 2013) . Therefore, the results were confronted with just only a few items of literature, which are primarily based on the results of aerological soundings from long measurement series, as presented by Knozová (2008) , Palarz et al. (2017) , Parczewski (1971 Parczewski ( , 1976 , and Stryhal et al. (2017) .
